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Discharge poling of poly(vinylidene fluoride) films

Y. Takase, J. I. Scheinbeim, and B. A. Newman
Department of Mechanics and Materials Science, College of

Engineering, Rutgers University, Piscataway, New Jersey 08854

A new poling technique was developed which is significantly
different from the two conventional poling techniques; direct
poling and corona poling. The present technique employs a nega-
tive-resistance switching circuit to allow the application of
higher electric field to a sample without high risk of breakdown.
The circuit consists of a high resistance, a spark gap, a sample
to be poled and a small resistance connected in series. Shunted
across the last three elements is a small capacitance. The cir-
cuit acts as a controlled pulse poling apparatus with the capa-
bility of feedback by detection of sample polarization.
Poly(vinylidene fluoride) films (7 um thick) poled using the
present method, under a voltage ramp up to 3 KV at 25°C exhibited
significantly improved piezoelectric activity; piezoelectric
strain and stress constants of 34 pC/N and 90 mC/m2 (after 4 days
aging) which are about 48% and 27% larger than normal values

obtained by the direct poling method under 200 MV/m at 25°C.




I. INTRODUCTION

It is well known that poly(vinylidene fluoride) [PVF,] crys-
tals with the phase I structure exhibit ferroelectricity and that
PVF, films exhibit high piezoelectric activity after they are
subjected to a poling procedure. To obtain the highest piezoelec-
tric activity, it is of practical importance to find the optimum
poling conditions. Poling is usually classified by using one of
the following techniques; direct poling (or electrode poling) and
corona poling. Direct poling is more suitable for basic research
on these materials because the procedure is simple and allows for
quantitative analysis. On the other hand, corona poling is more
important for industrial uses such as poling of a large area of
material or for some other special purpose in which the direct
poling technique is difficult to apply.lr2

In both poling techniques, electric field, temperature and
time are the most important parameters in the poling process. In
the early stages of research on ferroelectric polymers, the
poling temperature and time were set to be around 100°C and
1 h,3'9 which was adapted from the traditional methods used for
many inorganic ferroelectrics.10/11 aAfter accurate measurements
of the time domain characteristics of the polarization switching
process, however, it was recognized that it is not always neces-
sary to keep the temperature as high as 100°C or to keep the time
as long as 1 h. The switching of dipoles in PVF, is almost com-
plete within the first 10 us at room temperature, under an ap-
plied reversal electric field of 200 MV/m.12'13 From these re-
sults, poling temperature and poling time are no longer consid-

ered important from an operational point of view. However, the




poling field strongly affects the resultant piezoelectric activi-
ty. Newman et al.,l4 scheinbeim et al.l5 and Wang and von Seg-
gernl® investigated high field poling characteristics of PVF,.
Their data showed that the piezoelectric activity increased with
increasing poling fields even at the maximum poling field range
of 350 MV/m to 400 MV/m.

It seemed reasonable to assume that the risk of sample
breakdown might be significantly reduced if a poling apparatus
with capability of feedback by detection of sample polarization
was employed.

In this paper, we present a new poling technique employing
a negative-resistance switching circuit, which is quite different
in behavior from the two conventional techniques, direct poling
and corona poling, and which has some distinct merits with regard
to yielding high piezoelectric activities when applied to PVF,

films.

II. EXPERIMENTAL

Samples used in this study were 7-um-thick uniaxially ori-
ented PVF, films (KF1000) supplied by Kureha Chemical Industry,
Co., Ltd. These films are the same as those used in several
previous studiesl2:13,17-19  annealed samples were prepared by
heat treatment in vacuum at 120°C for 2 hours. During annealing,
the films were mechanically clamped to prevent shrinkage.

2 jin area, were depos-

Gold electrodes, each about 3 x 10 mm
ited on opposing surfaces of the films by vacuum evaporation.

A block diagram of the poling arrangement is shown in




Fig. 1, where a source of high voltage V and a resistor R are
connected to a pair of spark-gap electrodes, sample cell and a
small resistor Ry (sum of input resistance of a current meter and
resistances of a protection circuit). Shunted across the last
three elements is a capacitor C, which may represent stray capac-
itance or capacitance deliberately introduced. The spark-gap
electrodes used are either a pair of tungsten needles or a tung-
sten needle and a counter metal plate. The values of R and Rj are
0.5 -~ 2 G and 10 kN - 1 M, respectively, and the gap distance
is 0.2 - 2 mm, depending on the sample to be poled. The sample
cell is filled with silicone o0il to prevent surface discharge
along the fringe of the metal electrodes of the sample.

The current vs voltage characteristics of the poling ar-
rangement and of the sample were measured at 25°C using a picoam-
meter (Keithley 485, input resistance is 100 kfl) . The period of
the triangular shaped high voltage wave form was 640 s.

The time domain measurements of the discharge current were
carried out using a digital signal recorder (Sony-Textronix
390 AD) which has a resolution of 10 bits and a maximum sampling
frequency of 30 MHz.

The dielectric, elastic, and piezoelectric properties of the
sample were measured by using a Rheolograph Solidg)
(Toyoseiki), which is capable of measuring dielectric constant,
€, Young's modulus, c, piezoelectric strain constant, d;;, and
piezoelectric stress constant, e;;.

Operation of various functions in the system were consigned
to a microcomputer which also performed the task of data process-

ing.




IIX. RESULTS

The current vs voltage characteristics of the spark gap,
which consists of a tungsten needle and a brass plate, are shown
in Fig. 2. The values of R, C, Ry, are 1 GfI, 10 pF (stray capaci-
tance) and 100 kfl, respectively, and a triangular shaped voltage
wave form with a maximum value of 3 kV was applied. The needle is
connected to the high potential side. When the applied voltage
exceeds a certain threshold value, a "noisy" current begins to
flow. Although the current level fluctuates rapidly, there is a
tendency for the average value of the current to increase as the
voltage increases. Usually, it is observed that the threshold
voltage on the negative side is smaller than that on the positive
side. The temperature dependence of the current.vs voltage char-
acteristics was small and it was negligible between 0 to 60°C;
the threshold voltage at -100°C became about twice as high as
that at room temperature.

Figs. 3 (a) and (b) show the current vs voltage characteris-
tics using the present poling procedure and of the direct poled
PVF, film itself. The major characteristics of the combined
element current vs voltage data are pulse-like current spikes
concentrated around *1.5 kV. The noise pulses are almost negligi-
ble in both regions of absolute voltage below 1 kV or above 2 kV.
It may be reasonable to conclude from a comparison of the charac-
teristics of the spark gap (Fig. 2) and the PVF, film that the
pulses around +1.5 kV originate from the combined phenomena of

the spark gap and the polarization reversal process in the PVF,




film.

The most striking result we observed after using the present
poling technique is significantly higher values of piezoelectric
constants for the poled PVF, films. Figs. 4 (a) and (b) show the
real parts of the piezoelectric strain constant, d';,, and piezo-
electric stress constant, e';;, as a function of applied electric
field, E. Each value was measured 15 min after poling. Data (1)
repre#ent the result obtained from the as-stretched films by the
present poling technique. The highest values of d';; and e';; are
48.5 pC/N and 108 mC/mz, respectively. Data (2) (both curves)
represent the results obtained for as-stretched films by the
direct poling technique. Since the film used in the present study
is highly oriented (draw ratio =5:1), the piezoelectric constants
are large even if the conventional poling methods are used.
However, under a high electric field of more than 200 MV/m, the
risk of film breakdown increases significantly and the values of
d'5, and e'3; never exceed 40 pC/N and 100 mC/mz, respectively,
during our experiments. Data (3) represent the result obtained
for films annealed at 120°C. Piezoelectric activity always de-
creases for PVF, films annealed in the temperature region between
100 and 160°C before poling.20

Fig. 5 shows the aging characteristics of the real parts of
the modulus, c¢', piezoelectric constants, d';7 and e';,, and
dielectric constant, €', as a function of time after the sample
was poled. Two different sets of data are presented, which repre-
sent data for the present discharge poling (circles) and for the
direct poling (triangles). The maximum voltage applied was 3 kv

for the discharge poling technique, and the maximum electric




field applied was 200 MV/m (voltage of about 1.4 kV) for the
direct poling technique. During the direct poling procedure the
risk of sample breakdown significantly increases even though the
maximum voltage of the direct poling is about half of that of the
discharge poling. Both poling process were carried out at 25°C.
The data show that the sample poled with the discharge element
exhibits wvalues of d'3, and e';y as high as 38.5 pC/N and 102.5
mC/m? (not the highest values shown in Fig. 4) 15 min after
poling. These values are 126% and 121% of those obtained from a
conventionally poled sample (d'3;=30.5 pC/N and e'3,=85.0
mC/mz). After aging for about 4 days, the discharge-poled sample
still shows higher values of d';; and e';,, 34 pC/N and 90 mC/m?2,
respectively, which are 48% and 27% higher than those of a con-
ventionally poled sample (d';3;=23 pC/N and e';3;=71 mC/mz). The
elastic modulus and the dielectric constant exhibit little dif-

ference between the two types of samples.

IV. DISCUSSION

It is well known that the spark gap exhibits a current-
controllable negative resistance (NR) characteristic. First, we
consider the basic circuit indicated in Fig. 6 (a),21 where a
source of voltage V and a resistor R are shown connected to an NR
device and a small resistor R;. The NR device has the current vs
voltage (i vs v) characteristic of Fig. 6 (b). Shunted across the
NR device and Ry, is a capacitor C.

We are interested in the steady state corresponding to a

particular value of supply voltage such as V;, V, and V3 shown in




Fig. 6 (b). The 1load lines are also plotted in Fig. 6 (b) as
straight 1lines passing through the points v = V;, V,, V3 and
i = 0, and having a slope -1/R. When the current through the NR
device is less than the threshold value (shown as point A in Fig.
6(b)) for a discharge phenomenon to occur, the operating point X,
is a single stable point in the low-current region. When the
supply voltage and load resistor are selected such that the load
line intersects the characteristic at a single point X, on the NR
portion of the characteristic (resistance -R,), the circuit acts
as a sawtooth waveform generator in an astable operation. This
condition is expressed as I—Rn| < R since the circuit response

has the form of exp(-t/RpC) with a positive exponent, where

R

p = -RyR/ (R = Rp) (1)

When the supply voltage is so high (V = V3) that the operating
point exceeds a negative resistance portion, the operating point
X3 becomes a single stable point in the high current region. The
measured current-voltage characteristic of the spark gap, shown
in Fig. 2, is essentially consistent with the characteristic
predicted above in terms of the three operating conditions,
single-stable-off, astable, and single-stable-on states.

In astable operation, the system will trace out the path
B'AA'BB' in the direction of the arrows in Fig. 6(b). When the
voltage exceeds the threshold voltage of the spark gap, the
capacitance C discharges rapidly through the device and the small
resistance R;. The speed with which the voltage across R changes
is determined by how quickly the device makes the transition from

its low~-current state to the state in which an avalanche dis-




charge is established. Having reached a peak, the output voltage
across Rj, now decays to zero as the capacitor discharges. The
pulse width depends upon R, and C and increases as the time
constant RyC increases. The rate at which the circuit may be
driven is determined by R and C. Typically, for the present
experiment, C ® 10 pF and R = 1 G, whereas Ry, = 100 kf1, so that
microsecond pulses with 10 millisecond spacing between pulses may
be obtained.

Figure 7 shows results of the time domain measuren nts of
the discharge pulse current. These characteristics were measured
using the digital signal recorder. Curves (a) - (d) represent
log J vs time characteristics obtained by using a resistor of
R;, = 1 k1, 10 ki, 50 kA and 100 kA1, respectively. Curve (e)
represents a linear plot of curve (d). These characteristics show
that the transition time from off to on state is gquite short
(nanosecond order) and the decay curve obeys an ideal single time
constant relationship. The time constants are 0.05, 0.44, 2.3 and
4.5 us for curves (a) - (d), respectively. These measured charac-
teristics are just what we expected from the above discussion.

Now we can consider the circuit indicated in Fig. 1 which
has a series combination of the spark gap and the PVF, sample.
When the supply voltage is low, the spark gap and the sample are
insulators. The voltage Vgap across the spark gap increases
almost identically to the supply voltage V until its value reach-

es the threshold voltage of the discharge phenomenon, since

Vgap = V €s/(Cgap * Cs). (2)




and, usually, the capacitance of the spark gap, cgapr is much
less than the capacitance of the sample Cg.

When the voltage is high enough to cause the discharge
phenomenon to occur, the value of the resistance of the spark gap
becomes negative. The value of the sample resistance Ry depends
on the ferroelectric polarization reversal process and is compli-
cated.?2 ynder literally steady state conditions of an idealized
capacitor, the value of Rg becomes infinity. The real device
consists of the spark gap and the PVF, film. The discharge phe-
nomenon is much faster (nanosecond order) than the ferroelectric
polarization switching phenomenon (microsecond order or slower).
Therefore, the sample may be regarded as a constant resistance
during a discharge period. The characteristics of the combined
device of spark gap and sample may be expressed by a series of
quasi-steady-state current-voltage curves as shown in Fig. 8. The
load lines are also plotted. The device characteristic continues
to change from Curve 5 to Curve 1 and from Curve 1 to Curve 5 as
the supply voltage increases. Curve 1 corresponds to the lowest
sample resistance which may appear when the sample voltage reach-
es the coercive voltage. Under this condition, the device charac-
teristic is almost the same as the spark gap. The combined device
acts as a negative-resistance switch and the circuit operates as
either an astable or a stable-on poling apparatus. When the
operating point is far from the coercive field of the sample, the
device characteristic exhibits little or no negative resistance
portion. As a result, we observe significant current pulses only
when the sample voltage passes the coercive voltage as the supply

voltage increases. It is important to note that even under a

10




constant supply voltage, which gives a sample voltage higher than
the coercive voltage, the device characteristics change from
Curve 1 to Curve 5 as the polarization reversal completes. The
operating point may move from X; to X;, X3, .., Xg as shown
schematically in Fig. 8 for a ramped and saturated supply volt-
age. The coercive voltage of the present ¢9-um-thick sample is
about 350 V which is much lower than the threshold voltage of the
spark gap. Therefore, the measured current-voltage characteristic
in Fig. 3 (a) may be interpreted in terms of this operating
condition, though it may be necessary to note that the measured
waveform is not accurate because the response of the picoammeter
used was not fast enough to follow the microsecond-order phenome-
na. The change in the cperating point represents a feedback
process caused by sensing the sample polarization. The poling
pulse height automatically decreases as the sample polarization
reversal is completed, and, as a result, the circuit is quite
effective in preventing sample breakdown.

The spark-gap distance may be chosen so that its threshold
voltage exceeds the coercive voltage of the sample. The maximum
value of the supply voltage may be twice (or more) as high as the
value used in direct poling. Typically, for the present 7-um-
thick PVF, films, the risk of sample breakdown exceeded much more
than 50% for direct poling under V = 1.75 kV or E = 250 MV/nm,
whereas it was rare in the present discharge poling under
V = 3 kV. The time constants RC and R{C can be adjusted so that
the poling is effective without high risk of sample breakdown.

Good results were obtained by choosing the value of RC much

11




larger than the value of Ry C which was adjusted close to the

polarization switching time of the sample.

V. CONCLUSIONS

Piezoelectric constants d';; and e';; of poled PVF, films
begin to increase at poling fields = 80 MV/m, exhibit a shoulder
around 150 MV/m and continue to increase as the poling field
increases at room temperature. A negative-resistance switching
circuit was constructed to apply the poling field. The apparatus
was found to allow the application of higher electric fields to
the sample without higher risk of breakdown. The circuit consist-
ed of a high resistance (1 GR), a spark gap, a sample to be
poled, and a small resistance (100 k1) connected 1in series.
Shunted across the last three elements is a small capacitance (=
10 pF). The circuit acts as a controlled pulse poling apparatus
with capability of feedback by detection of sample polarization.
PVF, films poled by the present method at 25°C under a ramped
electric field up to 3 kV showed significantly improved piezo-
electric activities, d';; = 34 pC/N and e'3; = 90 mC/m2 after 4
days aging, which are compared to d';; = 23 pC/N and e'3; = 71
mC/m? obtained by the conventional direct poling technique wunder

a maximum electric field of 200 MV/m at 25°C.
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Pigure captions

FIG. 1. A block diagram of the poling arrangement, where a source
of high voltage V and a resistor R are connected to a pair of
spark-gap electrodes, sample cell and a small resistor Ry, (sum of
input resistance of a current meter and resistances of a protec-
tion circuit). Shunted across the last three elements is a capac-
itor €, which may represent stray capacitance or capacitance

deliberately introduced.

FIG. 2. The current vs voltage characteristics of the spark gap,
which consists of a tungsten needle and a brass plate. The values
of R, C, Rp are 1 Gfl, 10 pF (stray capacitance) and 100 kR,
respectively, and a triangular shaped voltage wave form with a

maximum value of 3 kV was applied.

FIG. 3. (a) The current vs voltage characteristic during the
present poling procedure. The values of R, C, Ry, are 1 G, 10 pF
(stray capacitance) and 100 kfi (input resistance of the picoamme-
ter), respectively. (b) The current vs voltage characteristic of

the PVF, film without the spark gap.

FIG. 4. The real parts of the piezoelectric strain constant,
d'3,, and piezoelectric stress constant, e';,, as a function of
applied electric field. Each value was measured 15 min after
poling. Data (1) represent the result obtained from the as-
stretched films by the present poling technique. Data (2) (both
curves) represent the results obtained for as-stretched films by
the direct poling technique. Data (3) represent the result ob-

tained for films annealed at 120°C.
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FIG. 5. The aging characteristics of the real parts of the modu-
lus, c', piezoelectric constants, d';; and e';;, and dielectric
constant, €', as a function of time after the sample was poled.
Two different sets of data are presented, which represent data
for the present discharge poling (circles) and for the direct

poling (triangles).

FIG. 6. (a) A basic circuit where a source of voltage V and a
resistor R are connected to a current-controllable negative-
resistance (NR) device with the current-voltage characteristic of
(b) . Shunted across the NR device is a capacitor C. (b) The 1load
lines corresponding to supply voltage V = V,, V; and V53, and

resistance R are superimposed on the NR device characteristic.

FIG. 7. The time dependence of the discharge pulse current.
Curves (a) - (d) represent log J vs time characteristics obtained
by using a resistor Ry = 1 ka2, 10 ki, 50 kA and 100 ki, respec-

tively. Curve (e) represents a linear plot of curve (d).

FIG. 8. A schematic presentation of a series of quasi-steady-
state current vs voltage curves which may represent characteris-
tics of the combined device of the spark gap and the PVF, sample.
The 1load lines corresponding to several supply voltages and
resistance R are superimposed on the device characteristics. The
calculation is based on a model that the characteristic of the
spark gap is independent of load conditions, and the negative

resistance and the on-state resistance are constant.
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